The synthesis of a series of anthraquinone moieties bearing symmetrical sulfur-linked substituents in the 1 and 5 positions is described. These compounds were evaluated for their ability to inhibit the growth of suspended rat glioma C6 cells and human hepatoma G2 cells, respectively. In addition, the redox property of the compounds was determined based on the inhibition of lipid peroxidation in model membranes. Compounds 2a and 2h in this series compared favorably and exhibited the most potent cytotoxicity (0.02, 0.05 m mM) against C6 cells in the XTT colorimetric assay. As far as redox properties are concerned, all bis-thio-anthraquinones show potential lipid peroxidation in model membranes very close to that of mitoxantrone (MX), and 2a, 2d, 2e, 2i, 2j, and 2k have more potential than that of MX. The lack of cytotoxicity of compound 2i cannot be related to lipid peroxidation, but the steric and electronic properties of the side-chain substituent maybe impair effective recognition of the cleavable complex. In contrast to MX, 2a and 2h are cytotoxic in rat glioma C6 cells and do not enhance lipid peroxidation in model membranes.
The anthraquinone mitoxantrone (MX) has been shown to have outstanding antitumor activities but a much narrower spectrum of activity in comparison with those of the anthracyclines. 1) Its planarity allows an intercalation between base pairs of DNA in the conformation, while its redox properties are linked to the production of radical species in biological systems.
2) The chemical and biological activity exhibited by anthraquinone compounds is greatly affected by the different substituents of the planar ring system. [3] [4] [5] [6] It appears that the relative location of the planar and side-chain groups plays a major role in affecting enzyme function and sequence specificity. [7] [8] [9] In MX and active congeners, the substituents are linked to the anthraquinone structure via a C-S linkage.
We have recently started to explore the changes in the physicochemical and biological properties of unsymmetrical substituted anthracenes and symmetrical substituted anthraquinones, which exhibit unsymmetrical and symmetrical bis-substituted C-O-C and C-S-C linkage between the planar ring system and the side-chain substituents. [10] [11] [12] [13] [14] [15] Structure-activity relationship studies led to the discovery of symmetrical thio-substituted anthraquinones, which showed potent cytotoxicity with in terms of mean IC 50 value in cultured tumor cells and lipid peroxidation, respectively. Since some of the compounds retained remarkable biological activity, this class appears to be worthy of further examination.
Compounds 2a and 2h showed potent cytotoxicity against rat glioma C6 cells, with IC 50 values of 0.02 and 0.05 mM, respectively, comparable to that of MX (IC 50 value of 0.07 mM). The goal of the present study was an evaluation of the importance of the symmetrical bis-thio-substituted side-arm patterns at the 1 and 5 positions of the anthraquinone ring system. Not only would the nature of the side arms influence the binding of the anthraquinone-DNA intercalant, but they also might be intimately involved in lipid peroxidation. This has enabled us to address the issue of how, and to what extent, the position of side-chain substituents affects biological activity.
Chemistry
We report here a convenient synthetic pathway that leads to symmetrically substituted 1,5-bis-thio-anthraquinone derivatives. Moreover, the preliminary ESR studies revealed that the reduction power of anthracenones substituted with an electron-withdrawing group in the C-10 position is impeded, whereas that of 10-thio derivatives is increased. 16, 17) The reaction undergoes a nucleophilic substitution at the 1 and 5 positions with the appropriate thiols in the presence of sodium methoxide and THF at room temperature or after reflux for 1 to 2 h to generate this structural class of anthraquinones. The mechanism for the reaction may be rationalized assuming that thiols are ionized by sodium methoxide as nucleophiles undergo nucleophilic substitution.
The synthesis of 1,5-bis-thio-anthraquinone derivatives shown in Chart 1 was accomplished using procedures somewhat modified from those described elsewhere. [10] [11] [12] The structural assignments for the symmetrical products as 2a-k are based on 1 C-NMR correlations of these and other data allowed for assignments and are included in the experimental protocols.
A study of the effects of substituents on the electronic spectrum of anthraquinone showed that the nature and number of the substituents, as well as their position in the anthraquinone nucleus, play a major role. Anthraquinone may be considered to consist of two isolated benzoyl chromogens in which little or no interaction would be expected between substituents located in different benzene rings. In contrast, electron-donating substitutents can have a significant effect (bathochromic shift), producing dyes that vary in color from yellow through red.
18)

Results and Discussion
Anthracyclines and anthraquinones form ternary complexes with DNA and the enzyme and stimulate DNA cleavage in a sequence-specific manner.
19) The cytotoxicity of a series of symmetrical bis-substituted anthraquinone derivatives were studied against murine and human cultured tumor cells using the lipid peroxidation assay. Their cytotoxicity properties were compared with that of MX as documented by the reactivity of the novel compounds and potent in vitro activity against C6 cells and hep G2 cells over a wide range of structural variants. There did not appear to be any correlation between these two cell lines. In addition, the redox property of the compounds for the inhibition of lipid peroxidation in model membranes was determined. Compounds 2a and 2h possess potent cytotoxicity with IC 50 values of 0.02 and 0.05 mM in the inhibition of rat glioma C6 cell growth in culture by using the XTT colorimetric assay, while their antiproliferative activity is markedly enhanced and comparable to that of the positive control MX, which had an IC 50 value of 0.07 mM.
The degree of peroxidation is related to the formation of thiobarbituric acid-reactive compounds and is expressed relative to that of malondialdehyde (MDA). 20) It is also a measure of hydroxyl radical generation and thus reflects the prooxidant properties of the anthraquinones. Various data have emphasized the significance of free radicals and endproducts derived from the lipid peroxidation of compounds that may help prevent tissue injury. Most of the anthraquinones examined, e.g., 2a, 2d, 2e, 2j, and 2k, exhibit greater lipid peroxidation than that of MX and, except for 2a and 2h cytotoxic properties, considerably better than that of MX. The bis-ethyl-thio analogue 2a showed potential cytotoxicity against the C6 cell line when compared with MX; the bis(p-aminophenyl-thio) substitution of 2h also showed good cytotoxicity. Compound 2i exhibited stronger antioxidant activity than ascorbic acid, (ϩ)-a-tocopherol, anthrarufin, and MX as further evaluated at several concentrations against positive controls with lipid peroxidation (Table  2) . At the concentration of 0.01 mM, 2i retained activity of 24%, the activity of ascorbic acid decreased to 10%, and (ϩ)-a-tocopherol had no effect at 0.1 mM. In conclusion, this study confirms the dual-function activity the tested compounds against both suspended rat glioma C6 cells and human hepatoma G2 cells and lipid peroxidation and suggests that some symmetrical anthraquinone derivatives may be useful for the treatment of tumors.
Experimental
Melting points were determined with a Büchi B-545 melting point apparatus and are uncorrected. All reactions were monitored by TLC (silica gel 60 F 254 ), flash-column chromatography: silica gel (E. Merck, 70-230 mesh) with CH 2 Cl 2 as the eluent. experiments illustrating the general procedures for the preparation of the anthraquinones are described below.
General Procedure for the Preparation of 1,5-bis-thio-Anthraquinones To a solution of 1,5-dichloroanthraquinone (1.0 g, 3.6 mmol) in dry THF (100 ml) a solution of an appropriate thiols (28.8 mmol) in sodium methoxide (1.56 g, 28.8 mmol) and dry methanol (30 ml) under N 2 was added dropwise. The reaction mixture was refluxed for 1 h. Water (250 ml) was added, and then the mixture was extracted with dichloromethane. The combined organic extracts were washed with water, dried (MgSO 4 ), and concentrated. The resulting precipitate was collected by filtration, washed with water and further purified by chromatography and crystallization. 4 cells/ml) were placed into 96-well plates and preincubated for 24 to 72 h in complete medium. The drug concentration inhibiting 50% of cellular growth (IC 50 , mg/ml) was determined using the XTT assay following 72 h of drug exposure. 21) The results are the means of at least three independent experiments unless otherwise indicated.
Assay of Lipid Peroxidation Rat brain homogenate was prepared from the brains of freshly killed Wistar rats, and its peroxidation in the presence of iron ions was measured using the thiobarbituric acid method as previously described. [10] [11] [12] [13] 22) The extent of lipid peroxidation was estimated in terms of thiobarbituric acid-reactive substances and was read at 532 nm on a spectrophotometer (Shimadzu UV-160). The results of this assay are shown in Tables 1 and 2. 
